Abstract: Cis-dioxomolybdenum(VI) chelate complexes with 5-chloro-2-hydroxybenzophenone S-methyl-4-phenylthiosemicarbazone (L) were synthesized in the general formula (MoO 2 (L)D), where D is an odd-or even-numbered alcohol (methanol (1), ethanol (2), n-propanol (3), n-butanol (4), and allyl alcohol (5)). The structures of 1-5 were verified by elemental analysis, Fourier transform infrared (FT-IR), and 1 H NMR spectra. Complex 5 crystallizes in the monoclinic space group P21/n, and its crystalline data showed a dimeric structure formed by a pair of intermolecular hydrogen bonds with 1.92 Å. These dimers are stacked in a similar crystalline structure as a single molecule. The experimental data were compared with the theoretical results obtained by the quantum chemical calculations of the DFT/B3LYP method with LANL2DZ basis set. A detailed interpretation of the FT-IR spectra of the studied compounds was performed based on the total energy distribution. In order to investigate the electronic structures and the UV-Vis spectrum of complex 5, time-dependent density functional theory calculation was taken into account. The interaction energies between the oddand even-numbered alcohols and remaining parts of complexes 1-4 were evaluated with the help of natural bonding orbital analysis. In addition, the basis set superposition error correction energies were calculated. The results were evaluated by considering the coordinated alcohols with an even number of carbon atoms to have much higher interaction energy than the next lower homologous alcohols with an odd number of carbon atoms.
Introduction
Thiosemicarbazones with versatile ligand features have been involved in numerous structural analysis studies. Also, since the 1950s, thiosemicarbazones and their metal complexes have been the subject of pharmaceutical research.
1−6 Some thiosemicarbazones have been used in clinical drug trials as triapine (3-aminopyridine 2-carboxaldehyde thiosemicarbazone).
7,8
Molybdenum is a biologically important trace element that acts in the redox-active sites of molybdoenzymes involved in nitrogen, sulfur, or carbon metabolism. 9−11 Some dioxomolybdenum(VI) complexes have an ability to participate in the reversible oxo-transfer process of aldehyde oxidase and xanthine dehydrogenase.
12−14
Dioxomolybdenum(VI) complexes formed by bidentate ligands such as O This work contains the preparation, structural characterization, and theoretical calculations of five cis-dioxomolybdenum(VI) complexes with a new ligand, namely 5-chloro-2-hydroxybenzophenone S-methyl-4-phenylthiosemicarbazone (L) (Figure 1 ). The compounds were experimentally characterized by elemental analyses, Fourier transform infrared spectroscopy (FT-IR), and 1 H NMR spectra. The molecular and crystal structures of the cis-dioxomolybdenum(VI) complex (5) , which contains allyl alcohol, was studied by single-crystal X-ray diffraction technique for the first time.
Density functional theory (DFT) calculations perform well with respect to the molecular geometry and vibrational properties of organic compounds. The quantum-mechanical calculations and structural parameters of thiosemicarbazone metal complexes were reported in previous studies. 28,29 DFT studies will not only help in definitive investigation of molecular properties and in clarifying experimental data, but will also be the base of further studies of cis-dioxomolybdenum(VI) complexes. The experimental results were compared with theoretical calculations based on the DFT technique. The electronic transitions of complex 5 were observed using the UV-Vis spectrum and calculated by time-dependent DFT. Chemical bond characteristics of complex 5 were examined by means of the natural bonding orbital (NBO).
Results and discussion

Some physical properties of the compounds
The thiosemicarbazone ligand was obtained as a crystalline powder, and it was soluble in alcohols and donor solvents such as dimethyl sulfoxide (DMSO). Althought complexes 1-5 have different shades of orange, these shades are indistinguishable. The complexes are in the form of fine crystals, moderately soluble in chlorinated hydrocarbons, but highly soluble in dimethyl formamide and DMSO. Despite the decrease of brightness of the crystals in the course of time, the chemical compositions of 1-5 do not change in air for several months, but if left in solution, they slowly decompose within a few days. Transformation of the complexes occurs more quickly in a warm solution, and as a result of decomposition, blackish-green substances are obtained in any case.
Spectral data
The selected, observed, and calculated wavenumbers of fundamental bands along with their total energy distribution (TED) are summarized in Table S1 . The TED values, the calculated vibrational wavenumbers of the ligand, and complex 5 wavenumbers are given in Tables S2 and S3, FT-IR spectra of the ligand and all complexes were investigated. In the FT-IR spectra of the ligand, the stretching vibrations of the N 4 H, C=N 1 , and N 2 =C groups are clearly observed. The ν (N 4 H) band disappears in the spectra of the complexes due to the coordination of the deprotonated phenolate and N 4 nitrogen. As a result of the Mo-N 1 bond formed in the complex, the C=N 1 stretching mode of the complexes shifts to lower frequencies, whereas the N 1 -N 2 stretching mode of complexes shifted to higher frequencies than the ligand.
30,31
The N 1 -N 2 stretching mode was assigned at 1057 cm show the presence of allyl alcohol as the second ligand in the complex. Consequently, the 1 H and 13 C NMR spectra confirm the complex structure's ON 1 N 4 chelating ligand system and also the coordination of the second ligands (D).
Crystal structure of complex 5
A single crystal of complex 5, suitable for crystal structure analysis, was obtained by recrystallization from a chloroform-allyl alcohol mixture (10:1, v:v). Complex 5 is formed by the chelation of the doubly deprotonated thiosemicarbazone with an ON 1 N 4 donor set that consists of a phenoxy oxygen atom and azomethine and thioamide nitrogen atoms. Allyl alcohol (D) is weakly attached to the molybdenum center with a bond distance of 2.380(2). This bond distance was 2.3613(14) Å. 30 The bond distances and angles indicate the three-axis distorted octahedral environments of the molybdenum center. In the structure, the oxo-oxygens are in the cis-position and allyl alcohol is in the trans-position to one of the oxygens (O2) (Figure 4 ). The double-bonded C23 and C24 atoms of the allyl moiety exhibit disorder. Tables 1 and 2 . Mo1-N3-C16-N2 -0.6(4) C1-C2-C7-N1 -15.9(3) Mo1-O1-C1-C2 43.7(3) C1-C2-C7-O3 0.7(5) complexes obtained from 2-hydroxyarylidene thiosemicarbazones, a hydrogen bond (1.767 Å), which is between the hydroxy proton of the coordinated alcohol and terminal oxo-oxygen of another complex molecule, was first reported in a previous article. 31 In the single crystal of complex 5, an intermolecular hydrogen bond, which is shorter than the σ -coordination bonds, was 1.92 Å. The crystal structure does not contain remarkable short contacts, except the hydrogen bond. Hydrogen bonding connects two molecules consisting of a dimer, and these supramolecular-like structures are stacked in a crystalline structure resembling a single molecule ( Figure 5 ). Table S1 and compared. The results show that there is reasonable agreement between calculated and experimental geometric parameters.
TD-DFT
The electronic transitions of complex 5 were observed via the UV-Vis spectrum and calculated by TD-DFT/B3LYP with the LANL2DZ basis set. The lowest 45 singlet-to-singlet spin-allowed excitation states were calculated with the same functional and basis set. TD-DFT calculation in chloroform as the solvent was performed. The calculated results involving oscillator strength ( f ) , wavelength (scaled by 0.862) 37 , and major contributions of the most intense transitions were obtained and compared with measured experimental wavelengths listed in Table S4 . Experimental absorption bands were interpreted by means of theoretical results. The experimental and calculated UV-Vis spectra are provided in Figure 6 . The highest occupied molecular orbital (HOMO) and lowest unoccupied molecular orbital (LUMO) are the most significant orbitals in the molecules for reactivity and kinetic stability. Therefore, some parameters (ionization energy, electron affinity, global hardness, and chemical potential) 38 obtained from the HOMO and the LUMO were calculated by B3LYP with the LANL2DZ basis set. 39 The results are listed in Table S5 . The atomic orbital compositions of the HOMO and LUMO are shown in Figure 7 .
NBO analysis
NBO analysis is important for understanding the delocalization effect from the donor to the acceptor.
39 The stabilization energy E(2), derived from the interactions between the donor and acceptor orbitals, was estimated by second-order perturbation interaction energy in the NBO.
29,30
The second-order perturbation energies E(2) (donor → acceptor), which involve the most important delocalization energies of the ligand, methanol-, ethanol-, n-propanol-, n-butanol-, and allyl alcohol-bearing complexes, are given in Tables S6-S11, respectively. The important interaction in the ligand has a lone N2 pair with anti-π bonding C=N4. The result of the stabilization was 64.89 kcal/mol. The stabilization energies of these interactions were obtained as 11.82, 11.80, 5.92, 0.89, and 0.45 kcal/mol for n-butanol-, ethanol-, n-propanol-, allyl alcohol-, and methanol-bearing complexes, respectively.
The calculation results are compatible with the molecule including a molybdenum ion and thiosemicarbazone ligand.
40,41
The contributions of the stabilization energies for the E → π -π * charge transfers of the ligand and The dimeric structure of complex 5 is a supramolecular-like structure formed by the hydrogen-bonding interaction between two adjacent monomers. In this structure, charge transfer has taken place.
Odd-and even-numbered alcohols as second ligands
The stabilization and interaction energies of the molybdenum-alcohol system were calculated by means of the NBO and BSSE ( Figure 8 ). In light of the obtained results, the relationship between the carbon chain of alcohols and the Mo-O alcohol bond energy is discussed.
The carbon atoms of the alcohols (D) are arranged in a zig-zag manner. In odd-numbered alcohols, methyl and OH groups can be placed on the same and opposite sides. Alcohols with opposite terminal groups have higher symmetry and so the molecules result in a more regular crystal.
42
According to the interaction energies obtained from NBO and BSSE calculations of complexes 1-4, electron density is on the carbon atoms placed at the end of the zig-zag chain and stabilization energy of π → π * shows a zig-zag change as a result of the different molecular weights of the alcohols with odd and even numbers of carbon atoms, as seen in Figure 8 .
Carbon atoms of even-numbered alcohols are closely packed in the crystal lattice. 42 Hence, the van der Waals forces of even-numbered alcohols are stronger than those of odd-numbered alcohols in the solid state. This is referred to as the alternation effect due to the differences in the shape, size, and packing of the alcohols, which means that alcohols with an even number of carbon atoms have much higher interaction energy than the next lower homologous alcohols with an odd number of carbon atoms. In addition, alcohols with odd and even numbers of C atoms have different chain lengths and different molecular arrangements. The electron-withdrawing effect from the O atom to the C atoms occurs in the chain of the alcohols. 42, 43 Theoretical calculations confirmed that the electron density is much higher in the last C atom of the alcohols ( Figure 8 ). In light of the results discussed above, it can be suggested that odd-numbered alcohols show a globular structure, while even-numbered alcohols show an oblate structure.
Conclusions
Five new cis-MoO 2 complexes (1-5) of an ON 1 N 4 -chelating thiosemicarbazone were synthesized and characterized. The crystal structure of complex 5 (which has allyl alcohol as the coligand) showed a quite strong intermolecular hydrogen bond with a length of 1.92 Å, shorter than the coordination bonds in the complex molecule.
Geometric calculation showed that the relatively short intermolecular connection was 1.62 Å. These interactions resulted in a dimer-resembling supramolecular structure, with the dimers packed as singular molecules in the crystal.
Complexes bearing methanol, ethanol, n -propanol, n -butanol, and allyl alcohol as the coligands were also investigated with DFT, TD-DFT, and NBO methods and BSSE approximation.
NBO methods indicate that the different stabilization energies of complex molecules coordinated odd and even alcohols, probably because of globular and oblate structures of odd-and even-numbered alcohols, respectively. The calculated values are 274.59-268.05 kcal/mol for odd-numbered alcohols and 583.53-582.40 kcal/mol for even-numbered alcohols.
The differences between the experimental and theoretical values are quite large. This can be explained by the fact that the calculations assume an isolated molecule where the intermolecular interactions are absent in the gaseous phase, while the experimental results are based on interacting molecules in the solid phase.
Experimental
General remarks
Analytical data were obtained with a Thermo Finnigan Flash EA 1112 analyzer (Waltham, MA, USA). 
Preparation of the compounds
The yellow thiosemicarbazone ligand (L) was synthesized by the method appearing in the literature. 47 The general formula is given in Figure 5 . • C for 5 h and then allowed to stand at room temperature overnight. The orange precipitate was collected by filtration and washed twice with 2-4 mL of cold methanol. Recrystallization of the product from methanol yielded an analytical-grade pure compound. The crystalline powder was dried for 12 h in air.
32,48
In order to synthesize complex 5, we used chloroform as a solvent, and the synthesis was accomplished by eliminating bound n -propanol according to the following procedure: 300 mg (0.05 mmol) of complex 3 (having n -propanol as the second ligand) was dissolved in chloroform (5 mL) and then 0.007 mL (0.1 mmol) of allyl alcohol was added to the solution. The mixture was allowed to stand at room temperature overnight. The precipitated orange solid product was filtered, recrystallized from chloroform-allyl alcohol mixture (10:1, v:v), and dried in air.
Samples 1-5 were subjected to all analyses mentioned above. Yield (%), mp ( • C, uncorrected), mi- 
1295
For X-ray diffraction analysis of complex 5, crystallographic data and structure refinement parameters are presented in Table 3 . Selected bond distances and angles of complex 5 are given in Table S3 . 
Computational section
The optimized geometries of the monomeric and dimeric structures of complex 5 were obtained via the DFT/B3LYP method combined with the LANL2DZ basis set, employing Gaussian 09 software (Gaussian, Inc., Wallingford, CT, USA) in order to determine the change in the geometric structure of the synthesized complexes. 39 The same calculations were repeated for complexes 1-4. In order to evaluate the optimized geometries, the initial geometries of all complexes and the dimeric structure of complex 5 were constructed based on the crystallographic data of complex 5. The harmonic wavenumbers of the complexes were calculated by the DFT with the same functional and basis set. The selected bond lengths and angles for the calculated and experimental data are compared in Table S14 . The theoretically optimized parameters were slightly less than the experimental values due to disparity of the phase of the complexes: the gaseous phase for theoretical and the solid phase for experimental analysis.
The probable donor-acceptor interactions and electronic transitions of complex 5 were examined with Gaussian 09 software, utilizing the NBO with the DFT/B3LYP and TD-DFT/B3LYP methods combined with the LANL2DZ basis set, respectively. Systematic values of calculated coordination bond energies for the oddand even-numbered alcohols bound to the molybdenum center were suggested by means of BSSE approximation. Assign. (14)tetra C20, (11) (11) Table S6 . Main delocalization energy (in kJ/mol) for Ligand (L) Delocalization BD (2) (1) Table S14 . The molybdenum-centered bond distances and angles of complex 5. (1) indicates axis angles of the octahedron, (2) angles between allyl alcohol oxygen (O4) and the atoms in the meridional positions.
Supplementary data
CCDC number 971335 contains the supplementary crystallographic data for complex 5 (E C TED (>10%) E C TED (>10%) E C TED (>10%) (OH) - 3675 (94)υ(O-H) - 3675 (100)υ(O-H) - 3672 (100)υ(O-H) (NH) 3303 3401 (100)υ(N-H) (C=N 1 ) 1592 1602 (45)υ(C-N1),(
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